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ABSTRACT
The development of new methods for measuring and manipulating neural
activity is of high interest with applications in neuron and neural circuit
functioning as well as high-throughput ion channel screening for early drug
development research. In 1991 Erwin Neher and Bert Sakmann received the
Nobel Prize for their invention of the patch clamp, which is based on the
formation of a high resistance seal between a glass micropipette and a cell
membrane. This transformative method allows for low noise recordings of
current arising from single ion channels or from an entire cell and has no
equivalent in experimental neuroscience. However, the consistent formation
and maintenance of a high resistance seal is nontrivial and unpredictable,
requiring a large amount of time and labor, which is inconvenient and lim-
its applications. In order to automate the patch clamp process, researchers
have developed patch clamp on chip devices that are optimized for whole cell
recordings. Here we have developed a novel silicon nanopore planar patch
clamp chip that is ideal for single ion channel measurements because the
nanopore apertures minimize cell membrane capacitance, reduce chip capac-
itance, reduce cell membrane damage, and allow for work with smaller cells.
We give an overview of nanopore and nanoporous biodevices, the traditional
patch clamp technqiue, requirements for noise reduction in patch clamp ex-
periments, and recent advances in the automated patch clamp. We then dis-
cuss our silicon nanopore fabrication process, which is based on wafer-scale
anisotropic wet etching methods, and describe how this is incorporated into
our patch clamp on chip device. We carry out electrical characterization of
our devices before use to ensure that the impedance fulfills the requirements
currently in place for single channel patch clamp recordings. In addition to
device fabrication and characterization, we also present the single channel
recordings we have obtained from the human neuron-like SH-SY5Y cell line
cultured and differentiated on-chip.
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CHAPTER 1
INTRODUCTION
1.1 Nanopore and Nanoporous Biodevices
Nanotechnology has opened up exciting opportunities in molecular and cel-
lular sensing due to the fact that the dimensions of these biological targets
are on the same length scales as nanodevices. The fabrication and character-
ization of solid-state nanopores has been investigated for over a decade as a
single molecule tool with potential applications in DNA, RNA, and protein
sensing. It has been anticipated that these devices will be an alternative to
biological nanopores for DNA sequencing with increased stability and poten-
tial for device integration for high-throughput genome sequencing on-chip
[1]. Solid-state nanopore fabrication has focused on forming a nanopore in
silicon nitride or silicon oxide thin films, since these materials are well-known,
well-characterized, and compatible with essentially any silicon-based micro-
electronics manufacturing process [2].
Two of the original methods for nanopore fabrication are shown in Figure
1.1. The first, developed by Golovchenko and co-workers at Harvard, uses a
focused ion beam to mill a nanopore in a suspended silicon nitride film with
feedback from ion detectors [3]. The second method, developed by Dekker
and co-workers at Delft, uses a combination of electron beam lithography,
wet anisotropic wet etching, and oxidation to form silicon dioxide nanopores
from a silicon-on-insulator wafer. The same team also discovered that the
electron beam of a TEM can be used to shrink or grow the nanopores with
nanoscale precision and drill the nanopores into the insulating films with
direct visual feedback, which remains the most commonly used method for
nanopore fabrication [4]. A less popular, but still useful method, involves
the use of a heavy-metal ion that is shot through a silicon oxide or polymer
membrane in order to serve as a guide for isotropic wet etching [5]. While
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nanopores remain primarily made of silicon-based materials, fabrication using
the focused electron beam of a TEM has been extended to other materials
such as graphene [6, 7] and alumina [8] whose properties are promising for
extending the applications of these devices.
Figure 1.1: A schematic of two methods for fabricating solid-state silicon
nitride and silicon oxide nanopores with high precision are shown. (A)
shows the use of a focused ion beam for milling the nanopore, as developed
by Golovchenko and co-workers at Harvard and (B) shows the use of
electron-beam lithography and the electron beam of a TEM for forming a
nanopore in silicon oxide, as developed by Dekker and co-workers from
Delft. Figure modified from [2].
In addition to the fabrication and characterization of nanopores for the
potential application of low-cost high-throughput DNA sequencing on-chip,
there has also been a high level of interest in developing nanoporous mem-
brane materials. Block co-polymers, such as polystyrene-block-poly(methyl
methacrylate) co-polymer (PS-b-PMMA) with cylindrical microdomains of
PMMA, have been used to make polymer nanoporous materials with thick-
nesses on the order of 100nm and pore sizes from 10-50nm. The fabrication
2
typically requires spincoating, dip-coating, or drop-coating to form a block
co-polymer thin film on a silicon dioxide substrate. In its preferred low-
est energy configuration, the thin film consists of PMMA homopolymer in
the center of cylindrical co-polymer microdomains. In order to form the
nanopores, the PMMA homopolymer can be selectively etched with acetic
acid [9]. These structures have been applied for virus filtration [10], water
filtration, and drug delivery [11].
Another popular nanoporous material is anodized aluminum oxide (AAO)
membranes with variable thicknesses (500nm-150µm) and pore sizes (20-
200nm) that are fabricated by passing direct current through an electrolytic,
acidic solution to a piece of aluminum. Oxygen released at the aluminum
anode causes a layer of aluminum oxide to build up while the acidic solution
partially etches away the oxide to form nanopores [12]. Since this material
is highly biocompatible and a good insulator, it has been applied as a cell-
substrate for tissue engineering [13, 12].
Silicon and silicon-based materials are also of high interest as nanoporous
materials, once again due to their compatibility with conventional fabrication
processing and potential for on-chip device integration. In 2007 Fauchet and
co-workers at Rochester developed a method for forming silicon nanopores
5-25nm in 15nm thick amorphous silicon membranes using void formation
during rapid thermal annealing [14]. These silicon structures have been ap-
plied for a variety of applications including electroosmotic pumping [15],
particle filtration [14], and as a cell culture substrate [16].
While these polymer, AAO, and silicon substrates, with images of their
morphology shown in Figure 1.2 all have very different electrical, thermal,
and mechanical properties, they all consist of a high-density of nanopores in
a relatively thin membrane, characteristic of all nanoporous materials. Al-
though nanoporous materials can be made with thicker membranes, which
typically allows these substrates to be fabricated over a larger area since they
can withstand a higher amount of mechanical stress, what results is randomly
porous materials instead of straight nanochannels through the thicker ma-
terial, which have their own specific applications, such as porous electrodes
[17]. This has a variety of benefits, including a high surface to volume ratio,
which is likely especially helpful in cell proliferation applications [13]. In ad-
dition, for applications such as electroosmotic pumping, a very high density
of pores is preferred the in order to increase fluid flow across the membrane.
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It is clear that there are important applications where it is crucial to limit
the number of nanopores in the given membrane to a single nanopore or the
maximize the nanopore density. However, the fabrication, characterization,
and application of membranes with variable thickness and variable nanopore
density remain less studied and understood.
Figure 1.2: The morphology of three commonly used nanoporous materials
is shown. (A) shows a TEM image of nanoporous silicon with 5-25nm
diameters. In this case the nanopores appear white. (B) and (C) show SEM
images of polymer nanopores and AAO nanopores, respectively. The
polymer nanopores are approximately 20nm in diameter with a very narrow
size window and the AAO nanopores shown are approximately 50nm in
diameter. Figure modified from [18, 10, 14].
1.2 Traditional Patch Clamp
1.2.1 Measuring electrical activity of single cells
Methods for measuring and manipulating neural activity from single cells
part of a larger culture is of high interest because advances could lead to
an increased understanding in neuron and neural circuit functioning for ap-
plications in learning and neural plasticity [19]. High throughput electro-
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physiology for ion channel screening would also have a significant impact
on the development of novel drugs that target the central nervous system
[20]. Neurophysiologists currently rely primarily on electrical-based methods
of measuring neural activity using patch clamp electrodes, intracellular elec-
trodes, or extracellular multi electrode arrays (MEAs). As shown in Figure
1.3, patch clamp and intracellular electrodes both allow for highly detailed
electrophysiological information from single cells including action potentials,
but also excitatory postsynaptic potentials (EPSPs), inhibitory postsynaptic
potentials (IPSPs), and subthreshold membrane oscillations [21]. However,
patch clamp and intracellular electrodes are prone to mechanical and bio-
physical instability even when vibration isolation is used, meaning that long
duration measurements are not possible with these techniques. In addition,
patch clamp electrodes do not allow simultaneous measurements from mul-
tiple cells that are a part of a cultured neural network [20].
Figure 1.3: A schematic of a cell under excitatory and inhibitory stimuli is
shown. The resulting cell membrane voltage is measured with an
intracellular and extracellular electrode. As can be seen, intracellular
electrodes are able to capture a high level of information including action
potentials and subthreshold fluctuations. In contrast, due to signal
attenuation, extracellular electrodes can only measure the presence or
absence of action potentials. Figure modified from [21].
Extracellular electrodes of MEAs allow non-invasive long duration mea-
surements from multiple locations in a cultured neural network. However,
MEAs do not provide single cell specificity and due to signal attenuation,
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MEA data only provides information about the presence or absence of ac-
tion potentials often in the form of local field potentials from many cells
surrounding a single electrode [22]. Of the these electrical-based methods,
only patch clamp electrodes offer the experimentalist the possibility to mea-
sure the changes in cell membrane current arising from single ion channels
[23]. Optical approaches for measuring neural activity are driven by fluores-
cent dyes that provide information about synaptic vesicle release, voltage,
and ions. However, as of yet there is no optical voltage indicator that can
resolve single action potentials from individual neurons in a culture [24].
1.2.2 Patch clamp configuration
The patch clamp method is characterized by the formation of a high re-
sistance seal, exceeding 1GΩ, between the aperture of a glass micropipette
and the membrane of an excitable cell of interest. This seal minimizes any
leakage current and therefore allows the recording of small changes in the
cell membrane current corresponding to the opening and closing of single ion
channels. Typically these current levels are on the order of 1-100pA [25].
The required instrumentation for patch clamp recordings is shown in Figure
1.4. A glass micropipette is filled with an electrolytic measuring solution and
Ag/AgCl measuring electrode. This electrode is connected to a patch clamp
amplifier through a resistive headstage. The reference electrode is also con-
nected to the resistive headstage and is placed into the bath solution during
recordings. Experimentalists then approach a cell of interest cultured in the
bath solution with the glass micropipette. They will apply voltage test steps
in the 1mV range lasting for approximately 10µs while measuring the current
response. The formation of a high resistance seal occurs when the current
trace drops to approximately zero in response to the voltage step. In order
to form this high resistance seal negative pressure is delicately applied at the
cell membrane typically by mouth [26].
There are several different configurations of taking patch clamp measure-
ments, each with its own advantages and disadvantages. Single channel
recordings are often taken in cell-attached mode. The benefits of this mode
of operation is that the cell membrane remains in-tact. Either voltage steps
or neurotransmitters of interest can be applied to the patch pipette in or-
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Figure 1.4: A schematic of a traditional patch clamp setup is shown. In this
method a high resistance seal is made between a glass micropipette. The
glass micropipette is filled with an electrolytic measuring solution and
measuring electrode allowing measurements of the cell membrane current
corresponding to single ion channels. The cell membrane in the patch can
be ruptured in order to access the entire cell and take whole cell recordings.
der to monitor the change in ion channel activity, typically characterized by
a change in the frequency, duration, and amplitude of opening and closing
events [27]. However, if voltage-gated ion channels are being studied by in-
creasing the holding potential of the voltage clamp, your potential will be
equal to the combination of the applied holding potential and the resting po-
tential difference across the cell membrane, which cannot be known exactly
in this configuration [28].
Two additional setups used in single-channel recordings are inside-out and
outside-out patches. In the inside-out configuration the patch of membrane
is disconnected form the cell and the single ion channels in the patch can be
studied by applying substances to the inner side of the cell membrane that
will alter the activity of the ion channel. In the outside-out technique the
cell membrane in the patch will first be ruptured and then negative pressure
will be applied again in order to break the patch from the cell. In this
configuration substances of interest can be more easily applied to the cell
membrane, which will now be facing out, since they can be applied to the
bath solution instead of the patch pipette. However, it has been found in
this configuration that noise is higher likely due to a decrease in the seal
resistance [23]. Overall, it has been found that channel kinetics can differ
if the cell patch is removed from the cell membrane. Therefore, if possible,
it is generally best to take single channel measurements in the cell-attached
configuration.
Once a high resistance seal is obtained and the patch clamp electrode is
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in cell attached mode, if desired additional suction or high voltage can then
be applied to the patch of cell membrane to gain access to the entire cell
and take whole cell recordings of electrical activity. In this case the voltage
clamp measurements are a measurement of the average of a large number of
single ion channels, typically thousands. Therefore, in response to increasing
holding potentials, the response of the bulk will be an exponential that can be
fit by a single exponential function or a summation of exponential functions
with different rate constants [27].
Whole cell measurements in current clamp mode can be used to directly
measure action potentials in single cells, which is of high interest in mea-
suring neural activity. However, in whole cell configuration there will be a
consistent exchange between the electrolytic measuring solution in the glass
micropipette and the intracellular fluid of the cell. This greatly limits the
measurement time and applications of this technique. For long term mea-
surements of neural activity using patch clamp electrodes, it is required to use
the cell-attached single channel configuration. In addition, ion channels are
heterogeneous and in order to study disease due to ion channel dysfunction,
including various neurological diseases, cystic fibrosis, and cardiac arrhyth-
mia, single channel studies are required [29]. However, due to mechanical
instability, this can be difficult to achieve by the traditional patch clamp
approach.
1.2.3 Glass micropipette fabrication
An important aspect of carrying out traditional patch clamp experiments
is the careful fabrication and manipulation of the glass micropipettes in or-
der to achieve low noise recordings by decreasing the impedance in order to
increase the signal to noise ratio and also the response time of the measure-
ment. These considerations are different depending on if the experimentalist
is conducting path clamp measurements in the whole cell or single chan-
nel configuration. However, regardless of the configuration, almost all patch
clamp measurements first require that a good high resistance seal can be
made to the cell membrane. If a high resistance seal cannot be made, then
the current leaking out of the patch pipette will be too high. Especially in
the case of single channel measurements, for high leakage current the signal
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from the ion channel activity will not be measurable. Typically the glass mi-
cropipette will be pulled to the required aperture size for the measurement
and then the tip will be fire polished, which enables the high resistance seal
[26].
In the case of whole cell patch clamp recordings the majority of impedance
comes from the patch electrode resistance Re in series with the cell membrane
capacitance Cm. The power spectral density (PSD) of this noise, denoted by
S2em is given by
S21 =
4pi2e2eC
2
mf
2
1 + 4pi2β2R2eC
2
mf
2
(1.1)
where e2e = 4kTRe is the PSD of the thermal voltage noise of Re, α is the
fraction of series resistance that has been compensated manually using almost
any commercially available patch clamp amplifier, β = 1 − α, and f is the
frequency [28]. In the whole cell configuration it is impossible to minimize Cm
except by working with smaller cells. Therefore, in this technique, the main
consideration is to reduce Re by making the aperture of the glass micropipette
as large as possible while still being able to obtain a high resistance seal with
the cell membrane [25].
In contrast, for single channel recordings, since the signal amplitude is
on the order of pA and the preparation of the glass micropipette requires
more careful consideration since very small sources of noise now can over-
shadow the signal. In this case the electrical properties of the glass very
important. Quartz remains the most commonly used material for fabricating
micropipettes for single channel recordings due to its low dissipation factor.
However, this limits applications since quartz has a relatively high melting
temperature compared to glasses with higher noise. This means that quartz
micropipettes cannot be made on conventional pipette puller and instead re-
quire a specialized and expensive laser based puller. This is in addition to
the fact that quartz is already expensive [26].
One notable source of noise in single channel measurements is from the
impedance due to the thermal voltage noise of the resistance of the elec-
trolytic measuring solution filling the glass micropipette in series with the
capacitance of portion of the pipette that is in the bath solution. This can be
minimized to some extent by using a thick elastomer coating [28]. In order
to be effective, this needs to be coated as close as possible to the pipette
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tip, at least within 100µm, which is experimentally challenging [26]. This
thick elastomer coating also minimizes the noise due to the capacitance that
occurs between the glass micropipette and bath solution, which has a PSD
given by
S22 = 4kTDCd(2pif) (1.2)
where k is Boltzmann’s constant, T is the temperature in K, Cd is the ca-
pacitance of the portion of the pipette in the bath solution, and D is the
dissipation factor of the glass [28]. In this case Cd can be minimized by
increasing the pipette wall thickness, adding a thick layer of an elastomer
coating, decreasing the dielectric constant of the glass, or decreasing the
depth of the bath solution. Another notable source of noise comes from the
impedance due to Re in series with the patch membrane capacitance Cp. In
this case the PSD is given by
S23 = 4pi
2e2e, C
2
pf
2. (1.3)
It is typically assumed that a higher resistance pipette is better to use since
a smaller aperture will minimize Cp, which is the dominant factor in this
source of noise [28]. In general the pipette capacitance should not exceed
10pF, the typical amount of capacitance that can be compensated for using
a commercial patch clamp amplifier, and the pipette resistance can be as
high as 50MΩ. For whole cell recordings, as discussed before, the smaller Re
the better; typically the values will never exceed 10MΩ [26].
1.3 Patch Clamp On Chip
In order to overcome the difficulty of obtaining and maintaining a high resis-
tance seal manually between a glass micropipette and cell membrane, there
has been a high level of interest in performing patch clamp measurements on-
chip. In this case the glass micropipette is replaced by a planar aperture. The
chip with the aperture is placed between an upper and lower chamber. The
cell is placed in the upper chamber and a high resistance seal over the aper-
ture either occurs spontaneously if the cell is cultured long enough or occurs
by application of negative pressure from the bottom chamber. Measurements
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of whole cell activity on-chip has been demonstrated on single micropores in
glass [30], silicon-based [31, 32], and polymer [33] materials. In these cases
the cell either formed a lower resistance seal, on the order of 50-100MΩ, [31]
or spontaneously formed the whole cell configuration, typically resulting in
better signals indicating a higher resistance seal [32, 33].
An example of a polymer microchip for planar patch clamp measurements
is shown in Figure 1.5. This work was done by Mealing and co-workers at
the National Research Council of Canada. In this case the polymer aperture
was 4µm in diameter. They tested 12 apertures in total and obtained two
gigaseals, but were not able to capture any single channel activity. On four
of the apertures the cell spontaneously entered the whole cell configuration
and they were able to obtain whole cell voltage clamp and current clamp
measurements [33].
Figure 1.5: A schematic of a polymer-based patch clamp device (A) along
with voltage clamp measurements in the whole cell configuration (B) are
shown. Figure modified from [33].
Here we present the fabrication and characterization of a silicon nanopore
material with a tunable membrane thickness and nanopore density. We then
apply this to measure the membrane current changes corresponding to ion
channel activity in single cells. The silicon nanoporous membranes are well-
suited for single channel on-chip patch clamp measurements because they
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minimize shunt capacitance and cell membrane capacitance while allowing
the experimentalist to work with smaller cells, such as mammalian cell lines.
In addition, our fabrication is tunable allowing for the fluctuations that occur
in ion channel density on the cell membrane depending on the cell type and
the cell culture environment.
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CHAPTER 2
DEVICE FABRICATION AND
PACKAGING
2.1 Silicon Nanopore Fabrication by KOH and
Metal-Assisted Etching
In order to fabricate the silicon nanopores with a tunable membrane thickness
and nanopore density, we utilized a combination of potassium hydroxide
(KOH) and metal-assisted anisotropic wet chemical etching methods. KOH
etching is a commonly used method for fabricating microelectromechanical
devices because this solution etches the <100> crystal plane of silicon with a
high selectivity [34]. The resulting cross section of the silicon wafer following
etching is either a trapezoid or triangle depending on the size and type of
patterns on the mask. In metal-assisted etching, a metal pattern is first
generated on a silicon surface. Etching then occurs in a solution containing
hydrofluoric acid (HF) and an oxidant, such as hydrogen peroxide (H2O2).
The metal serves as a cathode for the reduction of H2O2. The resulting holes
are injected into the silicon directly under the metal and HF then etches
the oxidized silicon [35]. The result is a highly anisotropic etch that has
been used for several applications including nanowire growth and forming 3D
patterns in silicon using precise metal patterning techniques such as electron
beam lithography [36, 37]. To form the silicon nanopores we first use KOH
etching to form a thin silicon membrane. Silver nanoparticles (AgNPs) are
formed on the silicon surface by reduction of silver nitrate (AgNO3) with a
solution containing a small percentage of HF. Metal-assisted etching results
in through-holes in the thin silicon membrane with a nanopore diameter
approximately equal to the original diameter of the AgNPs.
The complete wafer-scale fabrication schematic for our silicon nanopore
patch clamp device is shown in Figure 2.1 for a single chip. We began with a
3” [100] silicon wafer with a thickness of 380µm and deposited 1µm of silicon
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nitride on the front and 2µm of silicon nitride on the back using plasma en-
hanced chemical vapor deposition (STS PECVD). This silicon nitride served
as the KOH etching mask. We then patterned the back side of the silicon
nitride with back windows for the KOH etch. Each wafer contained arrays
of these patterned windows spaced 2cm apart such that each chip size is a
square with a 1cm side length. The back window is a circular aperture with a
600µm diameter. Circular apertures are preferred for KOH etching because
them eliminate errors that can occur due to theta misalignment during the
photolithography process [38].
Patterning was done using standard photolithography using a 4” mask,
MJB3 mask aligner, and S1818 positive photoresist. Once the silicon nitride
back windows were exposed in the photoresist, we then etched down to the
bare silicon in a CF4/O2 plasma using dry reactive ion etching (PlasmaTh-
erm RIE). The silicon chips were then put into a 30% KOH etching bath at
90°C for two hours. The low KOH concentration and high etching temper-
ature both allowed for rapid etching that was done in the interest of time.
However, a higher KOH concentration and lower temperature would provide
higher controllability and less surface roughness on the back of the silicon
membrane [39]. We would use these different conditions for applications
requiring thinner membranes than we used for this work.
KOH etching with a circular mask patterns, like we used here, results in
a trapezoidal cross-section with square openings as seen from the back and
{111} sidewalls at an angle of 54.74°with respect to the surface. By looking
under SEM at the back of the silicon membrane following KOH etching,
we measured the side length dimension of the square opening and the side
length dimension of the membrane. This then allowed us to calculate the
approximate membrane thickness based on the equation given by
Wo = Wm + 2(tw − td)cot(54.74) = Wm +
√
2(tw − tm) (2.1)
where Wo is the dimension corresponding to the opening of the substrate,
Wm is the dimension corresponding to the opening of the membrane, tw is
the wafer thickness, and tm is the membrane thickness. From SEM images
of three devices we used Equation 2.1 to obtain a value of tm = 60± 14µm.
After forming the thin silicon membrane using KOH etching, we then
deposited 1µm of silicon dioxide on the front of the wafer using PECVD
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Figure 2.1: The morphology of three commonly used nanoporous materials
is shown. (A) shows a TEM image of nanoporous silicon with 5-25nm
diameters. In this case the nanopores appear white. (B) and (C) show SEM
images of polymer nanopores and AAO nanopores, respectively. The
polymer nanopores are approximately 20nm in diameter with a very narrow
size window and the AAO nanopores shown are approximately 50nm in
diameter. Figure modified from.
(Trion Minilock - Orion) for additional electrical isolation. We then used
photolithography to pattern the front of the wafer with an array of square
apertures with a 3µm side length. In this case the front windows needed to be
aligned as accurately as possible to the silicon membranes. The MJB3 mask
aligner is not equipped with front-to-back alignment. Instead we aligned
from front to back by adding alignment marks on our masks to account for
the wafer flats and edges. It is likely that some misalignment still occurred,
but we found this method to be sufficient for patterning the top windows
somewhere within the etched silicon membranes. After developing the pho-
toresist, we then etched the exposed silicon dioxide and silicon nitride down
to the bare silicon in a CF4/O2 plasma (PlasmaTherm RIE).
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After this step, the chips were ready for metal-assisted etching in order
to form the silicon nanopores. The AgNPs serve as the template for the
metal-assisted etching and therefore control over the size and number of the
AgNPs demonstrates control over the size and number of the nanopores in
the silicon membrane device. Our AgNP formation solution consists of a
mixture of a AgNO3 solution and a highly diluted HF solution. The re-
action that produces the AgNPs bound on the silicon surface is given by
4Ag++6F−+Si=4Ag+SiF2−6 indicating that the concentrations of Ag
+ and
F− are both very important to the AgNP formation. As can be seen in
the SEM images in Figures 2.2 and 2.3, by decreasing the concentration of
AgNO3 we can decrease the number of nanoparticles and size in a given sur-
face area, as expected. In addition, for a higher concentration of HF at the
same AgNO3 concentration, we have a larger number of AgNPs with a smaller
diameter, as expected since the HF acts as the catalyst in this reaction. For
the silver nanoparticle formation solution we use a 1:1 mixture of a 1mM
AgNO3 solution and a 0.5% aqueous hydrofluoric acid solution, making the
final concentration of AgNO3 500µM and the final percentage concentration
of HF 0.25%. The resulting average nanoparticle size, as estimated by SEM
images, for this combination has a 55nm diameter as shown in Figure 2.4.
We formed the AgNPs selectively on the back of the thin silicon mem-
branes by first placing 1µL of the 1mM AgNO3 solution in the back of each
membrane and adding 1µL of the 0.5% HF solution. After five minutes we
rinsed in DI water for ten minutes and dried with nitrogen (N2). We then
prepared an aqueous solution that is 25% HF and 10% H2O2 for the metal-
assisted etching. After preparation, we pipetted 2µL of the etching solution
in each aperture from the back of the chip. The etch rate was approxi-
mately 1µm/min as estimated from SEM images of the cross section of the
nanopores. Therefore, in order to ensure that through-holes are obtained,
we etched for three hours replacing the etching solution once every hour. We
then rinsed in DI water and dried under N2. The remaining silver nanoparti-
cles were removed by a silver etchant after which the wafer was rinsed again
in DI water and dried under N2. We then diced the wafer (Disco DAD-6TM
Wafer Dicing Saw) into 1cmx1cm chips. In order to passivate any exposed
silicon, including the exposed silicon in the high aspect ratio nanopores, we
deposited 5nm of alumina on the back and 5nm of alumina on the front
of the chips using atomic layer deposition (Cambridge NanoTech ALD) at
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Figure 2.2: SEM images of the AgNPs on a clean silicon surface are shown
for an initial concentration of 1mM (A) and 20µM (B) of AgNO3. As can
be seen, for lower concentration of AgNO3 there are a smaller number of
silver nanoparticles in a given surface area with a smaller diameter. Images
(C) and (D) also show the higher and lower concentrations of AgNO3,
respectively, but at a higher magnification.
Figure 2.3: SEM images of the AgNPs on a clean silicon surface are shown
for an initial percentage concentration of 0.5% HF (A) and 1.5% HF (B).
As can be seen, with the higher HF concentration the number of AgNPs
increases while the diameter decreases.
250°C. Figure 2.5 shows the SEM images that we took throughout the fab-
rication process in order to confirm that the fabrication steps were working
as we expected and also to carry out the analyses described before, such as
approximating the silicon membrane thickness.
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Figure 2.4: An SEM image of the AgNPs on a clean silicon surface are
shown for a AgNP formation solution that is 500µM AgNO3 and 0.25% HF.
This was the same solution that we used for forming the silver
nanoparticles on the back of the silicon membrane during our fabrication.
Figure 2.5: SEM images from our fabrication process are shown. (A) shows
the silicon membrane after KOH etching as viewed from the back of the
chip and (B) shows the back of the silicon membrane after the silver
nanoparticles have formed. (C) shows the cross section of the nanopores
after a short amount of etching time (5min) and (D) shows the view of the
bottom of the silicon membrane after metal-assisted etching. As expected,
metal-assisted etching results in some nanoscale roughness in the back of
the membrane. Image (E) shows the top view of the silicon membrane
following metal-assisted etching and (F) shows a silicon nanopore following
passivation by ALD. The diameter of the nanopore shown in the center of
(F) is approximately 50nm.
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2.2 Packaging for Patch Clamp Applications
In order to package our devices for testing we used a dual chamber setup,
as shown in Figure 2.6. The two chambers are made from two stacked petri
dishes. We punctured apertures in the top and bottom of the petri dishes in
order to connect the two chambers and then connected the two petri dishes
together using UV curable polymer. We then aligned the apertures in our
chip to the apertures in the petri dishes and fixed the chip in the top chamber
using EcoFlex, which is a flexible polyimide (Kapton) that provides a strong
leak-proof seal with no cell toxicity [40]. In this case the cells were cultured
in the top petri dish and the measurement took place in the bottom petri
dish. We also punctured two small holes in the bottom petri dish in order
to insert glass tubes connected to silicone tubing, which served as the inlets
for the measuring solution and electrode into the bottom chamber.
Figure 2.6: A schematic (A) and camera image (B) of our device packaging
for our silicon nanopore patch clamp chip are shown. As can be seen, the
device is packaged in a dual chamber setup with cell culture occurring in
the top container and measurement occurring in the bottom container.
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CHAPTER 3
DEVICE CHARACTERIZATION
3.1 Optical Characterization
Although not applicable for patch clamp on chip measurements, the optical
characterization of nanostructured materials is of high interest for various
aspects of biosensing [41]. Here we examine the optical properties of our
silicon nanopores. In order to carry out the optical characterization, we
first needed to fabricate a device that would allow our measurements to take
place. In particular, we needed a larger surface area of the silicon nanopores.
In order to do this we fabricated a thin silicon membrane from the back of
a [100] silicon wafer that was approximately 2cmx2cm using HNA etching.
HNA etching is an isotropic etching method of silicon that uses HF, nitric
acid, and acetic acid. In this case the nitric acid oxidizes the silicon, which is
then etched by the HF. Following etching the thin membrane, we then carried
out metal-assisted etching using the same protocol as for our patch clamp
on chip devices. This was followed by a silver etch to remove any remaining
AgNPs. We did not do any surface passivation with silicon nitride, silicon
dioxide, or alumina, and therefore the optical characterization that follows
is on the silicon nanopores only.
The use of nanostructures to increase light absorption in semiconductors
is a heavily investigated research area due to its potential applications in
improving the efficiency of photovoltaic devices [42]. In our case, while the
metal-assisted etching process results in a high nanoscale roughness on the
back of the membrane, the front of the membrane still appears by naked
eye essentially unchanged. This is expected since the majority of the mate-
rial remains a flat polished silicon surface with nanoscale pores, which does
not provide the graded refractive index change required to greatly reduce re-
flectance [43]. We then anticipated that the silicon surface would maintain a
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high diffuse reflectance. In order to confirm, diffuse reflectance was measured
using a Cary 5000 UV-Vis-NIR spectrophotometer and the result is shown
in Figure 3.1.
Figure 3.1: Diffuse reflectance as a function of wavelength is shown for
polished silicon (black curve) and a polished silicon membrane following
metal-assisted etching from the back of the membrane (red curve). While
both materials show a high reflectance, there is a consistent decrease in
diffuse reflectance percentage for the silicon nanopores.
From the measurement we confirmed that the polished silicon membrane
following metal-assisted etching from the back of the membrane has a high
diffuse reflectance across all wavelengths. However, the value is consistently
lower than for the polished silicon without nanopores, especially at lower
wavelengths. For example, at wavelength λ = 600nm the percent reduction
in diffuse reflectance is 10% for the silicon nanopores. However, at λ =
250nm the percent reduction in diffuse reflectance for the silicon nanopores
is 19%. We also measured the transmission for the silicon membrane using
a Cary 5G UV-Vis-NIR spectrophotometer, but as expected there was no
measurable transmission through the membrane. This indicates that the
decrease in diffuse reflectance for the silicon nanopores is due to an increase
in light absorption at the silicon surface.
In addition, we also studied the photoluminescence of rhodamine 6G (R6G)
on the surface of the silicon nanopore membrane as compared to a glass
and polished silicon surface. We prepared a 1µM solution of R6G in water
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and spotted 1µL of solution onto a glass, silicon, and silicon nanopore sur-
face. Photoluminescence spectra were taken using an excitation wavelength
of 532nm at a laser power of 1mW and an exposure time of 1s. The result
on the three different materials is shown in Figure 3.2.
Figure 3.2: A spectrum of photoluminescence intensity of a 1µM solution of
R6G on a glass (black curve), silicon (red curve) and silicon nanopore (blue
curve) surface is shown. As can be seen, the photoluminescence intensity
increases for the silicon surface compared to the glass surface. In addition,
there is also an increase in intensity for the silicon nanopore membrane over
the polished silicon surface.
From glass to the silicon there is approximately a 1.5-fold enhancement
in the photoluminescence intensity. This is expected due to the higher re-
flectance of silicon compared to glass, which will increase the collection effi-
ciency. However, from glass to the silicon nanopores there is approximately
a 2-fold enhancement in the photoluminescence intensity. This is despite
the fact that the reflectance of the silicon nanopores is less than the pol-
ished silicon surface. The increase in photoluminescence intensity could be
due to several factors. One is that there is still some residual silver at the
membrane surface following metal-assisted etching and silver etching. The
properties of metal-enhanced fluorescence, where excited fluorophores inter-
act with surface plasmon resonances in metal nanostructures resulting in
reduced lifetimes and increased quantum yields, are well-known [44]. Even a
small amount of remaining AgNPs could result in the measured photolumi-
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nescence intensity enhancement.
The increased absorption and photoluminescence also may indicate that
this silicon nanopore membrane displays some of the optical properties consis-
tent with porous silicon. Porous silicon is typically fabricated by anodization
of a silicon wafer with HF. This material can display quantum confinements
effects, which cause the bandgap to widen. The result is typically a higher
absorption efficiency at lower wavelengths and light emission in the visible
wavelength range [45]. This could potentially account for the measured de-
crease in diffuse reflectance and the photoluminescence enhancement of the
R6G dye on our silicon nanopore surface.
3.2 Electrical Characterization
As discussed before, in order to obtain high quality patch clamp measure-
ments, careful consideration of noise reduction is required. In particular, for
traditional patch clamp single channel recordings, one source of noise arises
based on the dissipation factor if a material other than quartz is used for the
glass micropipette. Other significant noise sources are the thermal voltage
noise of the resistance of the electrolytic measuring solution filling the glass
micropipette in series with the capacitance of the portion of the pipette that
is in the bath solution and the impedance from the pipette resistance in se-
ries with the patch membrane capacitance [26]. In general for single channel
recordings, experimentalists work to minimize the pipette capacitance and
the cell membrane patch capacitance. However, the pipette resistance must
also be kept within a reasonable range. Typically 10MΩ is used, but values
can be as high as 50MΩ. Noise reduction for patch clamp on chip single
channel recordings also needs to take these points into account.
We have developed a planar patch clamp chip from silicon that is passivated
with silicon nitride, silicon dioxide, and alumina. The dissipation factor of
quartz is in the range of 10−5 to 10−4 and the dissipation factor of glass
used for traditional patch clamp whole cell micropipette fabrication, such as
soda lime or borosilicate glass, is in the range of 2x10−3 to 10−2 [28]. In
contrast, silicon has a dissipation factor in the range of 5x10−3 to 1.5x10−2,
silicon dioxide has a dissipation factor of approximately 10−3 and alumina
has a dissipation factor of approximately 2x10−4 [46]. It is clear that the
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incorporation of alumina into our device is crucial for minimizing noise due
the intrinsic electronic properties of the materials we are using in our patch
clamp on chip device.
In order to ensure that the chip impedance is within the values required for
single channel recordings, we measured the capacitance and resistance follow-
ing chip packaging in the dual chamber setup as discussed before. The ma-
jority of impedance will be determined by the dielectric constants of the ma-
terials of our device and the geometry. In order to measure the capacitance,
we filled both chambers of our packaged devices with phosphate buffered
saline (PBS) and immersed Ag/AgCl electrode wires into each chamber. We
connected the Ag/AgCl electrode wires to a Agilent precision LCR meter.
In order to test the access resistance we connected the Ag/AgCl electrode
wires to a digital multimeter.
From testing ten devices we obtained an average capacitance of 18.2±6pF
for eight devices. Two of the devices had a very high capacitance in the
nanofarad range, indicating that there is likely a leak in the packaging. We
then measured the resistance for these eight devices an obtained an average
value of 9.4±2 MΩ. It is expected that our access resistance will be high
because we have nanoscale channels through a relatively thick membrane. In
order to decrease the access resistance we could increase the nanopore size
or increase the KOH etching time to obtain a thinner membrane. However,
this also will increase the shunt capacitance. A comparison between the
measured impedance values for our chip as compared to the accepted values
for glass micropipettes fabricated for traditional single channel patch clamp
measurements is shown in Table 3.1.
C (pF) R (MΩ)
Our device 18.2 ± 6 9.4 ± 2
Typical for single channel <10 5-20
Table 3.1: A comparison between the impedance of our chip with the
impedance of glass micropipettes used for traditional single channel patch
clamp measurements is shown. As can be seen, our chip resistance is within
the required range, but our measurements would improve with a reduced
chip capacitance.
As can be seen in Table 3.1, our measured resistance is well within the
accepted range for single channel recordings, likely due to the fact that we
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have many nanopores, we have estimated approximately 100 from SEM im-
ages, in a single 3µmx3µm square front window on a single chip. In our case,
it is more advantageous to reduce the capacitance for future measurements
since a commercial patch clamp amplifier can only compensate for 10pF of
capacitance. This can be accomplished by increasing the thickness of the
deposited silicon nitride, silicon dioxide, or alumina.
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CHAPTER 4
ION CHANNEL ACTIVITY
MEASUREMENT
4.1 Experimental Setup
4.1.1 Cell culture
In order to test our devices we used the human neuron-like SH-SY5Y cells,
which are an immortalized cell line. It has already been demonstrated that
once differentiated, SH-SY5Y cells display a mature neuron phenotype and
serve as a good in vitro disease model for Alzheimer’s and Parkinson’s [47].
We followed a standard protocol in order to culture and differentiate the
SH-SY5Y cell line on our devices [48]. In summary, cells were grown in T75
culture flasks in a 1:1 mixture of Eagle’s Minimum Essential Medium and
F12 Medium supplemented with 10% fetal bovine serum and 1% pen-strep.
Cells were maintained at 37°C in a humidified atmosphere containing 5%
CO2. After cells reached approximately 80% confluency, we plated them on
our devices at a cell density of 1x106cells/mL, which is very high for this cell
line, and allowed the undifferentiated cells to grow for 24 hours. We then
replaced the cell culture medium with Neurobasal Medium containing 20% B-
27 supplement, 2.5% GlutaMAX, and 10µM all trans retinoic acid. The very
high density of cells was used to ensure that a cell would spontaneously grow
over the aperture. In the future we plan to more thoroughly study the affinity
of a cell for the silicon nanopores or more precisely plate the cells over the
aperture since this will allow us to plate the cells at a more typical cell density
for this cell line. In order to ensure that our protocol worked correctly, we
began by differentiating directly in the cell culture flask and we monitored the
differentiation by observing the cell morphology. Figure 4.1 shows a bright
field image of the cells before and after 24 hours of differentiation.
Undifferentiated SH-SY5Y cells grow in clumps, but once differentiation
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Figure 4.1: A bright field microscope image of SH-SY5Y cells cultured in a
flask before (A) and after (B) 24 hours differentiation in 10µM all trans
retinoic acid is shown. As can be seen, before differentiation the cells grow
as clumps and during differentiation the cells start to become a monolayer.
begins the cells grow as a monolayer. In addition the soma shrinks and
neurite outgrowth occurs [49]. This cell line typically fully differentiates
after 3-5 days [48]. In our case, we only differentiated the cells in order to
try to increase the number of ion channels on the cell membrane surface and
therefore differentiation was only done for 24 hours. Figure 4.2 shows a DIC
image of the cells cultured on our patch clamp device.
Figure 4.2: A DIC microscope image of the SH-SY5Y cells cultured on our
planar patch clamp chip is shown.
27
4.1.2 Voltage clamp data acquisition
Patch clamp setups are typically bulky and take up a large amount of space.
The minimum requirements consist of an inverted microscope on a vibration
isolation table, a micromanipulator to hold and guide the glass micropipette,
a headstage, and a patch clamp amplifier interfaced with a computer through
a data acquisition system [26]. In order to acquire our patch clamp measure-
ments, we were able to set up a system at a much lower cost that is also
less bulky than is typically required. This is because we do not require a
microscope, vibration isolation table, or micromanipulator. A diagram of
our setup is shown in Figure 4.3.
Figure 4.3: A schematic of our experimental system that we set up for
taking patch clamp on chip measurements is shown. We used a standard
AM 2400 patch clamp amplifier and National Instruments data acquisition
system. Command voltages were set and measurements were recorded using
the Strathclyde electrophysiology software.
During cell experiments, a measuring Ag/AgCl electrode wire was placed
in the bottom chamber through one of the inlets and a reference Ag/AgCl
electrode was placed in the upper chamber containing the cell culture media.
The electrodes were then connected to an AM-2400 patch clamp amplifier
through a headstage probe containing 100MΩ/10GΩ resistors. The output
from the amplifier was sent to a NI PCIe-6321 DAQ card via a NI SCB-68
connector box. In order to interface with the amplifier, we used Strathclyde
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Electrophysiology software WinEDR, which offers continuous recording to
disk features for single-channel analysis. We also set up the computer inter-
face such that input voltage commands could be sent via the NI DAQ card
and connector box. Before taking measurements, we filled the lower cham-
ber with a standard electrophysiology solution containing 130mM KCl, 5mM
NaCl, 0.4mM CaCl2, 1mM MgCl2, 10mM HEPES, and 11mM EGTA. In or-
der to test for a high resistance seal we applied 2mV, 10ms voltage steps and
monitored the cell response using the Pipette Seal Test/Signal Monitor func-
tion of the WinEDR software. Recording, setting command voltages, and
analyzing single channel activity was also done using the WinEDR software
functions.
We tested our experimental setup by measuring the current through open
apertures of our devices under different command voltages. To do this we
filled the upper and lower chambers of the device with 1M KCl solution
and placed the Ag/AgCl reference and measuring electrodes in the top and
bottom containers, respectively. We then applied 10ms voltage steps and
monitored the measured current. In this case, the resistance to the flow of
ions through the silicon nanopores is due to the electrode and chip resistance
alone, meaning that the resulting current response was a square wave, as
shown in Figure 4.4 along with the I-V curves with data taken for three
devices (values were consistent for all three). As can be seen, at an applied
voltage of 5mV the measured current is 175nA. This is consistent with the
approximation of 100 nanopores per 3µmx3µm top window considering that
the measured current through a single nanopore will be approximately 1nA
under similar experimental conditions with a pore diameter less than 10nm
[50].
4.2 Results
After growing undifferentiated cells on our devices for 24 hours and differ-
entiating for 24 hours (the cells were therefore cultured on the devices for
a total of two days), we tested the eight devices to see if a high resistance
seal was able to form between the cell membrane and our planar aperture. In
order to perform this test, we used the experimental setup show in Figure 4.3
and applied 2mV, 10ms voltage steps, which is typical for traditional patch
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Figure 4.4: The measured current across the silicon nanopore apertures
with respect to a voltage input of 2mV lasting 10ms is shown (A) along with
the I-V curve corresponding to measurements made on three devices (B). In
both cases the bottom and top chambers were filled with 1M KCl solution.
clamp measurements, while monitoring the current across the aperture. Of
the eight devices, seven showed a high resistance seal exceeding 1GΩ and
one showed a lower resistance seal of 17MΩ, with the current response to
the voltage steps indicative of cell-attached mode, as shown in Figure 4.5.
When the electrodes are not placed into the chambers the resulting current
in response to a 2mV, 10ms voltage step is close to zero because we are in
air and therefore the resistance is very high. Once the Ag/AgCl reference
electrode is put into the cell culture chamber and the measuring Ag/AgCl
is put into the bottom chamber containing the measuring solution, then the
current response should indicate whether a cell is in cell-attached, whole cell,
or not attached mode.
Figure 4.5: The measured current across the silicon nanopore apertures
with respect to a voltage step of 2mV lasting 10ms is shown after cells were
cultured at a high density on the planar patch clamp chip. As can be seen,
the measured current is essentially zero with capacitive transients,
indicating a high resistance seal spontaneously formed between the cell
membrane and nanopores.
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In cell-attached mode the current response will be almost flat with capac-
itive transients corresponding to the voltage command signal. In whole cell
mode the capacitive transients will be much larger due to the increased cell
membrane area [26]. If there is no cell over the aperture, then we would
expect to see exactly the same current response that is shown in Figure 4.4
indicative of a bath signal. Because we were able to obtain a high resis-
tance seal with seven out of eight devices our success rate is 87.5%. This
is much better than traditional patch clamp and patch clamp chips, which
report success rates of less than 50% [32]. We did not observe any current
response with larger capacitive transients indicating that we had obtained
whole-cell mode. In the future we intend to explore the use of high volt-
age pulses, suction, or filling the bottom chamber with a solution that will
quickly break down the cell membrane in the patch in order to be able to
obtain whole cell recordings using our device in addition to single channel
recordings. However, this device is specifically optimized for single channel
recordings since our measured aperture resistance was 9.4±2MΩ, which is
just under the maximum value of 10MΩ that is typically used for whole cell
patch clamp recordings.
Once we confirmed that a cell was in the cell-attached configuration on
our planar patch clamp chip, we then measured the membrane current with
respect to time for increasing holding potentials with the aim of capturing
the opening and closing of voltage-gated ion channels with respect to hyper-
polarization or depolarization. In this case, where we were limiting our study
to voltage-gated ion channels, we were only able to capture single channel
behavior on two out of the seven devices that showed a high resistance seal.
Raw data, that has only gone through a high-pass filter in order to re-
move any drift in the baseline, of the membrane patch current with respect
to time at different command voltages is shown in Figures 4.6 and 4.7. It
is important to note that the resting membrane potential of SH-SY5Y cells
is relatively hyperpolarized when compared to other cells at a value of ap-
proximately -100mV [51, 52]. The given command potentials then add to the
resting membrane potential to give the membrane potential of the patch. For
example, at a command voltage of 40mV the cell membrane patch will be
depolarized and at a membrane potential of Vm = -100mV+40mV = -60mV.
While further data collection and analysis are needed, Figures 4.6 and 4.7
show the single channel behavior characteristic of voltage-gated sodium and
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Figure 4.6: The measured membrane patch current with respect to time at
different command voltages is shown. The current trace indicates that
following depolarization there is an opening of a single channel, causing an
flux of ions to enter into the cell, followed by the channel closing and
deactivating. This is consisted with the single channel behavior predicted
and measured for sodium-gated ion channels.
Figure 4.7: The measured membrane patch current with respect to time at
different command voltages is shown. Here we are able distinguish between
several opening and closing events, where the open events correspond to the
flux of ions our of the cell. This type of activity is consistent to the
measured membrane patch current for single voltage-gated potassium
channels, which are known to have a specific probability of being in the
open state.
potassium channels, respectively, when they are depolarized. According the
roles of voltage-gated sodium and potassium channels in the production of
an action potential in a single cell, once the cell becomes depolarized the
sodium channels will open, allowing sodium ions to flow into the cell. This is
then followed by an inactivation period where they close and sodium ion flux
into the cell stops [29]. Figure 4.6 shows single channel behavior consistent
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with what has been measured with traditional single channel patch clamp on
individual voltage-gated sodium channels [53].
According to the well-known properties of voltage-gated potassium chan-
nels, potassium channels open following the opening and closing of sodium
channels. Once the sodium channels start to close and the flux of sodium
ions into the cell begins to stop, potassium channels open in order to allow
potassium ions to flow out of the cell and maintain the resting state electro-
chemical gradient of the cell. The current response shown in Figure 4.7 is
consistent with the stochastic nature of a voltage-gated potassium channel
opening and closing, since this channel is predicted by the Hodgkin-Huxley
model to have a certain probability of being in the open state [29].
As discussed before, these results require further analysis. However, this
gives an initial interpretation of the single channel activity that we were able
to capture using our silicon nanopore planar patch clamp chip. This was
accomplished without the need to manually form a high resistance seal to
the cell membrane, since a seal with a resistance exceeding 1GΩ occurred
spontaneously following culture of the SH-SY5Y cell line on-chip. It is clear
from the results shown in Figures 4.6 and 4.7 that the quality of our data will
greatly benefit from a reduction in noise. However, especially in the case of
Figure 4.7, we see that we are able to capture all of the important informa-
tion that an experimentalist would want to extract in order to analyze the
stochastic behavior of single ion channels, including the duration, frequency,
and amplitude of open events.
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CHAPTER 5
CONCLUSIONS
5.1 Summary
Here we have presented a new method for fabricating silicon nanopores and
the incorporation of this fabrication method to develop a planar patch clamp
chip specifically optimized for single ion channel recordings from cultured
cells. In Chapter 1 we gave an overview of the fabrication and application
of current nanopore and nanoporous devices in materials such as silicon ni-
tride, anodized alumina oxide, and polymers that have applications including
DNA detection, cell culture substrates, and nanosized bioparticle filtration.
We then continued our introduction by describing the significant benefits of
traditional patch clamp recordings for studies in neurophysiology and the
additional benefits that could be obtained by automating the patch clamp
process by replacing the conventional glass micropipette with a planar aper-
ture in order to obtain patch clamp on chip measurements. We also discussed
the noise requirements for whole-cell and single channel patch clamp mea-
surements. In Chapter 2 we described the fabrication process that we devel-
oped based on a combination of potassium hydroxide and metal-assisted wet
etching methods to fabricate silicon nanopores in a thin silicon membrane.
Our fabrication and packaging process incorporating these silicon nanopores
in order to complete our patch clamp on chip device was described in detail.
The optical and electrical device characterization was described in Chapter
3 with a comparison between our fabricated nanopores and other nanopore
and nanoporous silicon-based materials. In Chapter 4 we then presented our
experimental setup for taking patch clamp measurements on chip using our
device along with our preliminary results showing that we are able to capture
single ion channel activity..
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5.2 Future Work
Our future work will include further optimization of the experimental process
reported here as well as expanding the functionality of our device. Optimiza-
tion will occur during the device fabrication, packaging, and the incorpora-
tion of cells onto the device. As discussed previously, there is still room for us
to improve the background noise in our measurements corresponding to the
chip capacitance. In order to lower capacitance, we will make small changes
to our fabrication process in order to add thicker layers of materials with
lower dielectric constants, such as silicon dioxide. In addition, further pre-
cision in the packaging process will allow us to better control our yield and
the uniformity of impedance values between devices, especially with respect
to capacitance of any exposed portions of silicon on the diced sides of the
chip. In order to increase our success rate of measuring single ion channel
activity, we will differentiate the SH-SY5Y cells for longer on our device, at
least for three days, in order to maximize the number of ion channels on the
cell membrane surface and ensure that the electrical properties of the cells
are as uniform as possible. We still need to carry out a study that looks at
the affinity of the SH-SY5Y cell line to our silicon nanopore apertures. If
the affinity is very high, it is possible that we can can plate the cells on our
devices at a cell density that allows the cells to grow and differentiate in a
more natural environment.
More exciting work will be able to proceed once the current device pro-
tocol has been optimized. This will include increasing the throughput of
our devices, incorporating different materials into the device, and exploring
potential applications outside of those currently used for traditional patch
clamp studies. The current materials we use for our device are silicon, sil-
icon dioxide, silicon nitride, and alumina. These materials have significant
benefits because they are commonly used for microelectronics processing and
therefore can be integrated easily with on-chip electronics and also are com-
patible with almost all conventional fabrication techniques. However, if we
expanded our range to less familiar materials, we likely would find that there
exist other materials with better electrical, thermal, and mechanical prop-
erties with increased potential for biofunctionalization for controlling the
solid-bio interface between the apertures and the cell membrane. Increasing
the throughput of our devices will be accomplished by using photomasks that
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pattern a higher density of windows on the front and back of the chips. In
order to isolate the electrical signals from the cells cultured over each front
window, we will then need to incorporate microfluidic channels on the back
of each chip. Increasing the throughput of our measurements will be required
to make our patch clamp device applicable for high-throughput drug studies
at the single ion channel level. In addition, incorporating more than one cell
on a single chip will allow for novel applications in neurophysiology. For ex-
ample, this would potentially allow long term single channel measurements
simultaneously from two cells connected by a synapse, which cannot be done
using the traditional patch clamp method.
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